Abstract. The present study aimed to detect the bone Ca 2+ content of L3 vertebrae in adults by gemstone spectral computed tomography. In total, 235 patients were selected and divided into age groups of 10 years each. The scanning data were used to detect the water-based and Ca 2+ -based substance levels on the L3 vertebral cancellous bone images. The results indicated that there were significant differences in vertebral Ca 2+ -water and water-Ca 2+ densities determined by gemstone spectral imaging (GSI) between males and females in subjects aged 50-59 years, 60-69 years, 70-79 years and ≥80 years (P<0.05). The ages of male and female participants were negatively correlated with vertebral Ca 2+ -water density (P<0.01) and water-Ca 2+ density (P<0.01). In conclusion, GSI may be used as a novel method of measuring the vertebral adult bone mineral density.
Introduction
Osteoporosis is a considered to be one of the most common diseases and public health problems (1, 2) . Spinal compression fractures and hip fractures are easily caused in individuals with osteoporosis, thus severely affecting the health of older individuals. Along with the gradual increase in the aging population, the medical community is increasingly concerned about this widely existing systemic bone disease (3, 4) . The early diagnosis and prevention of osteoporosis is of great importance, and detecting the bone mineral density (BMD) is the most commonly used clinical method of diagnosis (5, 6) . Currently, dual-energy X-ray absorptiometry (DXA) is recognized as the gold standard for measuring BMD (7, 8) ; however, the results of BMD provide the sum of minerals in the cortical and cancellous bones, and thus early detection of osteoporosis originating from the vertebral cancellous bone is difficult (9, 10) . Conventional computed tomography (CT) examination of osteoporosis typically depends on the clinicians experience in detecting trabecular bone rarefraction, vertebral double-concave deformation and density decreases, which cannot accurately reflect the alteration in BMD; therefore, dual-energy quantitative CT may theoretically be the best technique for measuring BMD (11) . It has previously been demonstrated that the Ca 2+ -water and water-Ca 2+ densities can be used for diagnosing osteoporosis and calculating the BMD (12) . Gemstone spectral CT (GSCT) uses single-energy transient kVp switching technology to capture images of material densities, thus obtaining Ca 2+ -based and water-based images that reflect the bone mineral content and changes in the content via the Ca 2+ -water and water-Ca 2+ densities (12, 13) . The present study used Ca 2+ -based gemstone spectral imaging (GSI) to measure the L3 vertebral Ca 2+ -water densities and water-based imaging to measure the L3 vertebral water-Ca 2+ densities in 235 subjects. The study aimed to compare the association of gender and age with the GSI-measured Ca 2+ -water and water-Ca 2+ densities, and to examine the feasibility of GSI technology in measuring the BMD.
Materials and methods

General information.
A total of 235 patients with osteoporosis who underwent abdominal or lumbar GSI at the Affiliated Hospital of Weifang Medical University (Weifang, China) between May 2012 and May 2013 were enrolled into the present study, including 113 males and 122 females. The study was conducted in accordance with the Declaration of Helsinki, and was confirmed and approved by the hospital's Ethical Committee. Signed informed consent was obtained from all patients.
The selected patients had no history of cancer, spinal trauma, surgery and other diseases that may affect the BMD, including hyperthyroidism, hyperparathyroidism, diabetes, congenital osteoarthrosis, sequelae of cerebrovascular disease, immune dysfunction, long-term administration of corticosteroids, and liver, kidney or rheumatic diseases. The patients were aged between 20 and 87 years, with a mean age of 50.6±8.2 years. The patients were divided into seven age groups of 10 years each, as follows: Group 1, Image post-processing and density measurement. The single-energy image, with a slice thickness of 0.625 mm, was reconstructed and transmitted to the Advantage Workstation version 4.4 (GE Healthcare) for processing with GSI Viewer (GE Healthcare). The Ca 2+ -water-based ( Fig. 1 ) and water-Ca 2+ -based (Fig. 2 ) material images were thus obtained, and the Ca 2+ -water and water-Ca 2+ densities of the region of interest (ROI) were measured on the L3 vertebral cancellous bone level, and the mean value was then obtained. When selecting the ROI, the entire cancellous bone was maximally covered, and the region was ~5 mm to the cortical edge in order to avoid any bone islands and venous plexuses. In all cases, the size of the ROI was ~300 mm 2 .
Statistical analysis. SPSS version 13.0 software package (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis. One-way analysis of variance was performed for the statistical processing of measurement data. The association of age with the vertebral GSI-obtained Ca 2+ -water and water-Ca 2+ densities was investigated with Pearson correlation analysis. In addition, intergroup differences between the male and female groups were investigated by Student's t-test. P<0.05 was considered to indicate a statistical significant difference.
Results
Specific values of L3 vertebral GSI-determined Ca
2+ -water and water-Ca 2+ densities of all age groups. The highest vertebral Ca 2+ -water and water-Ca 2+ density determined by GSI was observed in the 20-29 year-old group in males and in the 30-39 year-old group in females (Tables I and II) . The vertebral Ca 2+ -water density determined by GSI in males aged 20-29 years old was 79.4012±7.8896 mg/cm 3 , which was the highest among all groups; the vertebral Ca 2+ -water density in females aged 30-39 years old was 80.6257±8.6175 mg/cm 3 , which was the highest among all groups (Table I ). The vertebral water-Ca 2+ density in males aged 20-29 years old was 1,024.1680±7.5345 mg/cm 3 , which was the highest among all the groups. The vertebral water-Ca 2+ density in females aged 30-39 years old was 1,028.3190±10.3976 mg/cm 3 , which was the highest among all the groups (Table II) .
Comparison of Ca
2+ -water and Ca 2+ -water densities in males and females. The vertebral Ca 2+ -water densities determined by GSI in age groups 1-3 showed no statistically significant differences between males and females, with t values of -0.283, -1.625 and 1.685, respectively (all P>0.05). By contrast, the Ca 2+ -water densities of individuals in age groups 4-7 demonstrated statistically significant differences between males and females (group 4: t= 4.512, P<0.001; group 5: t=10.632, P<0.001; group 6: t=5.346, P<0.001; group 7: t=2.511, P=0.029) (Table I) . Furthermore, the vertebral GSI-determined water-Ca 2+ densities in all age groups were not found to be significantly different between males and females (Table II) .
Correlation of age and gender with Ca
2+ -water and water-Ca 2+ densities. As shown in Fig. 3 , the male participants exhibited a decreasing trend in vertebral GSI-determined Ca 2+ -water density with increasing age (r=-0.6815; P<0.01); whereas females aged ≥40 years presented a decreasing trend in Ca 2+ -water density with increasing age (r=-0.7961; P<0.01). Females age ≤39 years exhibited no significant correlation between age and Ca 2+ -water density (r=0.1901; P=0.3735). As shown in Fig. 4 , males aged ≥40 years exhibited a decreasing trend in water-Ca 2+ density with increasing age (r=-0.9065; P<0.01); whereas females aged ≤70 years demonstrated a decreasing trend in water-Ca 2+ density with increasing age (r=-0.8877; P<0.01). Males aged ≤39 years (r=-0.0233; P=0.9140) and females aged ≥71 years (r=-0.0432; P=0.5632) exhibited no significant correlation between their age and water-Ca 2+ density.
Discussion
Osteoporosis, which refers to the reduction of bone mass per unit volume, is a disease that is closely associated with age. BMD detection is an important means for the early diagnosis and evaluation of osteoporosis. Since the lumbar spine is the most common site involved in the early stages of osteoporosis, BMD measurement is typically performed at the lumbar spine region (14) . Currently, lumbar spinal BMD detection using the DXA and quantitative CT methods remains the best technique to diagnose and evaluate osteoporosis (14, 15) . In particular, use of the DXA method has been recommended by the World Health Organization as part of the diagnostic criteria for osteoporosis (14, 16) ; however, this method has certain limitations, since it is unable to distinguish between the cancellous and the cortical bones. Due to the different conversion rates of cortical and cancellous bones, alterations in the bone during early osteoporosis initially occur in the cancellous bone. This is due to the large surface area and high metabolic conversion rate of the cancellous bone, which were greater than those in the cortical bone. Thus, the DXA method may not detect early osteoporosis originating from the vertebral cancellous bone, and may reduce the sensitivities of osteoporosis towards treatment (17) . In addition, detection from the posteroanterior lumbar may only obtain the area density within that region, which also includes images of surrounding structures such as accessories, paraspinal ligaments and abdominal aorta other than the lumbar vertebrae; therefore, this detection technique would be greatly affected by the osteosclerotic images of hyperostosis, which may lead to the distortion of measurement data to a certain extent (18) . Quantitative CT can be used to measure the actual volumetric BMD, completely ruling out the effects of bone size, while it can also measure the densities of the cortical and cancellous bones, as well as more accurately determine the morphological parameters. Therefore, measurements by quantitative CT may be able to reflect the early changes in vertebral bone mass. However, a limitation of this method is that it requires a dedicated phantom and specialized software for bone density measurement and analysis (19, 20) . Since each manufacturer has different operating and preparing standards for the phantom, the measurement results of operating phantoms may present various uncertainties, while the method is more complex and requires a higher dose of radiation compared with other techniques; therefore, the widespread clinical applications of quantitative CT are limited (21) .
Theoretically, the ideal technique for BMD measurement would be dual-energy CT scanning. However, this method requires duplicated scanning, and is thus limited by image mismatching and high radiation doses; in addition, it is a complicated technique with no corresponding software available, therefore limiting its clinical applications (22) . GSCT is another technique that can achieve spectral imaging by instant switching of dual energy through a single bulb, using unique technologies of physical separation and quantitative determination of the material density, measuring the Ca 2+ -water and water-Ca 2+ densities of the vertebral cancellous bone. The absorption of objects results in changes in X-ray energy, and during the application of two X-ray energy spectra, the X-ray attenuation is altered. The base materials in any tissue have different absorption proportions towards X-ray, and their combinations represent the X-ray attenuation (23) .
The base materials may not necessarily be the actual substances contained in the tissue, as they simply represent the X-ray attenuation of this tissue; the measurement of matched base materials may reflect the relative contents of these substances in the tissue (24) . The main components of vertebral cancellous bone are bone minerals (such as Ca 2+ salt), water and collagen; therefore, water-Ca 2+ or Ca 2+ -water-based substances may pair up and indirectly reflect the Ca 2+ content and changes in the cancellous bone.
In the present study, GSCT was used to measure the Ca 2+ -water densities of L3 vertebral cancellous bone among different age groups. The results demonstrated that the highest GSI-determined Ca 2+ -water density was observed in males with ages of 20-29 years and females with ages of 30-39 years, suggesting that the BMD peak in male and female vertebral cancellous bones was reached at different ages. In addition, the results indicated that the age of male participants was negatively correlated with vertebral GSI-determined Ca 2+ -water densities, suggesting that the male vertebral Ca 2+ contents decreased with increasing age. In females ≤39-years-old, the GSI-determined Ca 2+ -water density of vertebral cancellous bone was slightly elevated with increasing age, but there was not statistically significant correlation between the age and vertebral Ca 2+ -water densities. By contrast, females ≥40-years-old presented a negative correlation between age and vertebral GSI-determined Ca 2+ -water densities, suggesting a gradual decrease in vertebral Ca 2+ content from 40 years of age. Furthermore, the results of the current study revealed that the Ca 2+ content began to decrease at a later age in females compared with males, and the reason behind this trend requires further investigation. Regarding the slight difference in the ages at which the peak BMD of vertebral cancellous bone appeared in males and females, which was also reported in a previous study (25) , we hypothesize that it may be associated with the separative statistics of males and females, and the numbers of selected cases. Before 40 years of age, the GSI-determined Ca 2+ -water density of the vertebral cancellous bone in females was significantly higher compared with that in males within the same age period; however, after 50 years of age, this density was significantly reduced in females compared with that in males, and the difference was statistically significant (P<0.01), which is consistent with numerous previous studies (26, 27) . This trend may be caused by the decline of estrogen in females >50-years-old, resulting in reduced vertebral Ca 2+ content (27) . Furthermore, lactation, menstruation and diet may also affect the vertebral Ca 2+ content in these individuals. The present study also measured the water-Ca 2+ densities of vertebral cancellous bone in different age groups using GSI. The results revealed a correlation between their peak water-Ca 2+ density values and age, but no statistically significant differences were detected among the different age groups and genders; therefore, the significance remains of water-Ca 2+ density remains to be further examined.
GSCT is a newly-developed method for measuring the BMD, which may also be used as the means of monitoring the BMD prior to and following treatment. When performing chest and abdominal CT examination, the GSI Ca 2+ -water and water-Ca 2+ densities of the vertebral cancellous bone could be measured at the same time, without the need to re-irradiate the vertebral body, which reduces the radiation doses and additional costs (28) .
The number of patients in the present study was limited and large sample analysis could not be performed, therefore reference values of GSI-determined Ca 2+ -water and water-Ca 2+ densities of normal vertebral cancellous bone could not be obtained. In addition, the water and fat contents inside the vertebral body may affect the results. Although the water content is low inside the vertebral body, it may have a greater impact on the results when combined with vertebral fractures and bone marrow edema. Given the aforementioned limitations of the current technique compared with other methods, further investigation is required. In conclusion, GSI may be used as a novel method of measuring the vertebral adult bone mineral density.
